octan-1-yl moiety into such chromophores as biphenyl, terphenyl, stilbene, and tolan was found to induce bathochromic shifts of absorption and fluorescence spectra, compared with those of the parent chromophores. Moreover, enhancement of the molar extinction coefficients and the fluorescence quantum yields by the substitution was also observed. These results indicate that σ-π conjugation between the polysilacage moiety and the chromophores is operative. Theoretical study of the polysilacage-substituted chromophores is also presented. This paper is dedicated to Professor Akira Suzuki in celebration of his 80th birthday.
INTRODUCTION
Since incorporation of a bicyclo [2.2.2] octane (BCO) moiety into an organic molecule generally impart molecular rigidity and thermal stability into the resulting molecule, the bicyclic group is often utilized as a mesogenic core of calamitic liquid crystalline compounds 1 and a rigid core of molecular rods. 2 For example, 1-alkyl-4-(4-cyanophenyl) bicyclo [2.2.2] octanes were disclosed to exhibit low birefringence, positive dielectric anisotropy, and higher and wider range of nematic mesophases than the analogs having a benzene or cyclohexane mesogen in place of the cage-like core. 3 Silicon is a tetra-coordinate element like carbon, while carbon-silicon and silicon-silicon σ-bonds are much longer than carbon-carbon σ-bonds 4 and can act as the module of σ-conjugation due to the relatively high energy levels of HOMO and LUMO of the σ-bonds. 5 Hence, substitution of methylene groups in cycloalkanes by dialkylsilylene moieties makes the molecular size bigger than the parent one, and is expected to induce unique molecular rigidity, structure, and electronic property as well as intermolecular interaction in the condensed phases, different from those of the parent cycloalkanes.
Based on this idea, we have designed 2,2,3,3,5,5,6,6,7,7,8,8-dodecamethyl-2,3,5,6,7,8-hexasilabicyclo[2.2.2] octane (HSBCO) as a novel polysilabicycloalkane ( Figure 1 ) 6,7 and disclosed that 1-alkyl-4-aryl-and 1-alkyl-substituted HSBCO exhibited columnar mesophases. 8 Thus the HSBCO derivatives markedly contrasts the corresponding BCO-based liquid crystalline compounds which exhibit the nematic and/or smectic phases. Another unique characteristic of HSBCO is that the polysilacage moiety can conjugate with π-conjugated system introduced at the bridgehead. When the 2,3,5,6,7,8-hexasilabicyclo[2.2.2] octan-1-yl moiety was introduced into such arenes as biphenyl, terphenyl, and tolan, bathochromic shifts of absorption maxima and fluorescence maxima as well as the enhancement of molecular extinction coefficients were observed, compared with the parent arenes. 9 Thus, the HSBCO moiety was found to act as a novel and unique cage framework that exhibited not only steric but also electronic effects. We report herein the preparation, photophysical properties, and theoretical study of HSBCO-substituted biphenyl 1, terphenyl 2, stilbene 3, and tolan 4 in detail ( Figure 2 ). Figure 2 . HSBCO-substituted biphenyl 1, terphenyl 2, stilbene 3, and tolan 4.
RESULTS AND DISCUSSION

Preparation of HSBCO-substituted arenes
HSBCO-substituted arenes 1-4 were prepared from 1-(4-iodophenyl)-substituted HSBCO 8a by use of palladium-catalyzed coupling reactions as shown in Scheme 1. Treatment of 1-phenyl-HSBCO with iodine in the presence of CF 3 CO 2 Ag in CHCl 3 at room temperature gave the iodophenyl derivative in 88% yield. HSBOC-substituted biphenyl 1 and -terphenyl 2 were synthesized by the Suzuki-Miyaura coupling reaction of the iodide with the corresponding arylboronic acids in excellent yields. 10 The Heck reaction of styrene and the iodide gave trans-stilbene 3 as a single stereoisomer in 51% yield. Tolan 4
was obtained in excellent yield by the Sonogashira coupling of phenylacetylene and the iodide in the presence of Pd(PPh 3 ) 2 Cl 2 and copper iodide as the catalysts. The HSBCO moiety tolerated all the basic reaction conditions. Products 1-4 were purified by column chromatography on silica gel and stable in air. 
UV absorption spectra of HSBCO-substituted arenes
UV absorption spectra of 1-4 are shown in Figures 3 and 4 , and the photophysical properties are summarized in Table 1 , together with those of biphenyl, terphenyl, stilbene, and tolan for comparison, respectively. UV spectra were measured in cyclohexane upon irradiation with a UV light (λ = 265 nm).
As can be seen in Figures 3 and 4 , substitution of HSBCO moiety into arenes increased the molecular extinction coefficients considerably and induced the red-shift of absorption spectra in comparison with the parent arenes, while the vibrational structures of 1-4 were almost similar with those of the parent arenes. Noteworthy is that absorption spectra of 1 was almost identical to that of terphenyl. These results indicates that σ-π (σ * -π * ) electronic interaction between the HSBCO moiety and the π-conjugated arenes is operative which leads to the decrease of the HOMO-LUMO gaps. 11 
Fluorescence spectra of HSBCO-substituted arenes
Fluorescence spectra of 1-4 are shown in Figures 5 and 6, together with those of biphenyl, terphenyl, and stilbene for comparison (the spectrum of tolan is not shown due to the extremely low intensity and quantum yield). The substitution by HSBCO led to the bathochromic shift of the emission spectra and the maxima by 10 to 20 nm, but did not affect the vibronic fine structures of the spectra. Moreover, the quantum yields (Φ f ) of 1-4 were higher than those of the parent arenes, as summarized in Table 1 . For example, Φ f of 1 and 4 were 4.6 and 43 times larger than those of biphenyl and tolan, respectively. Thus, HSBCO was found to dramatically enhance Φ f of arenes. To gain insight into the effect of HSBCO on the photophysical properties of arenes, we examined fluorescence decay of 1 and 2. The results are illustrated in Figure 7 . Biphenyl 1 showed the decay time of τ = 1.50 ns, 11-fold shorter than that of biphenyl (τ = 16 ns), while the decay time of 2 (τ = 0.79 ns) was slightly shorter than that of terphenyl (τ = 0.95 ns). The radiative rate (k f ) of 1 was 55 x 10 7 s -1 , which was 50 times faster than that of biphenyl (k f = 1.1 x 10 7 s -1 ), whereas the nonradiative rate (k n ) of 1 (12 x 10 7 s -1 ) was only 4-fold as compared with that of biphenyl (5.1 x 10 7 s -1 ). On the other hand, the HSBCO substitution into terphenyl (k f = 83 x 10 7 s -1 ; k n = 23 x 10 7 s -1 ) induced slight enhancement of the radiative rate (k f = 123 x 10 7 s -1 ) and considerable decline of the nonradiative rate (k n = 3.1 x 10 7 s -1 ). Therefore, the introduction of the HSBCO moiety into arenes apparently results in enhancement of radiative rates, whereas the substitution effect on nonradiative rate of arenes is found to vary depending on the kinds of the parent arenes. Figure 7 . Radiative and nonradiative rates of 1, 2, biphenyl, and terphenyl.
Photophysical properties of silylmethyl-substituted tolans
To disclose the features of the HSBCO group as a σ-conjugation module, UV absorption and fluorescence spectra of related silylmethyl-substituted tolans 5-7 ( Figure 8 ) were measured as shown in Figures 9 and 10, together with those of 4 and the results are summarized in Table 1 . HSBCO-substituted tolan 4 and model compounds 5-7 showed absorption spectra with vibrational fine structures similar to that of tolan. As compared with tolan, the absorption spectra red-shifted in the order of 7 < 6 < 5 < 4. Thus, a tris(trimethylsilyl)methyl group that contains a silylmethyl moiety triply conjugates with the π-conjugated system of tolan more effectively than a single silylmethyl group (5 vs 7).
Meanwhile, the comparison of 6 and 7 reveals that a pentamethyldisilanyl group at the benzylic position is more beneficial to the extension of the conjugation length than a trimethylsilyl group. Consequently, the electronic effect of the HSBCO group seems to originate from the structural characteristic that the cage framework consists of triple disilanyl groups. The fluorescence quantum yields increased in the same order ( Table 1 ). Considering that the orthogonal arrangement of carbon-silicon σ-bond and π-conjugated plane is favorable for attaining effective σ-π (σ * -π * ) conjugation, the trend may be closely related to the probability of conformers in which a carbon-silicon σ-bond orients perpendicular to the benzene ring of arenes (conformation A) or one carbon-silicon s-bond locating in plane and two carbon-silicon σ-bonds above and below the π-plane (conformation B) ( Figure 11 ). Figure 11 . UV absorption spectra of silylmethyl-substituted tolans 4-7 measured in cyclohexane.
Molecular orbital calculation
Molecular orbital calculation of model compounds 1′-4′ in which SiMe 2 group in 1-4 were replaced by SiH 2 , respectively (Figure 12) , was performed by the density functional theory (DFT) method at the HF/6-31G(d)//B3LYP/6-31G(d) level using the Gaussian 98 package. 12 The results on HOMO and LUMO energy levels are summarized in Figure 13 , and calculated HOMO and LUMO orbitals are visualized in Figure 14 . It is obvious that HOMO level of 1′ is raised by 0.20 eV as compared with biphenyl, while LUMO level is lowered by 0.50 eV. Thus, the energy gap between HOMO and LUMO became narrow, resulting in red-shift of absorption spectrum/maxima of 1 as compared with biphenyl.
HOMO of 1′ is not only localized on the biphenyl moiety, but also is extended to two Si-C(bridgehead) σ-bonds, suggesting that the rise of HOMO energy originates from σ-π conjugation (Figure 14) . orbitals. Thus, the lower-lying LUMO energy level of 1′ is attributed to σ*-π* conjugation. The HSBCO effect on the HOMO and LUMO behaviors was observed with 2′-4′. Therefore, HSBCO moiety is disclosed to participate in electronic communication with an aryl group at the bridgehead via both σ-π and σ*-π* conjugation.
CONCLUSION
We have synthesized 2,3,5,6,7,8-hexasilabicyclic[2.2.2]octan-1-yl (HSBCO)-substituted biphenyl, terphenyl, stilbene, and tolan from a HSBCO-substituted iodobenzene using Pd-catalyzed coupling reactions. UV absorption and fluorescence spectra of HSBCO-substituted arenes exhibited a bathochromic shift compared with the parent arenes. The incorporation of HSBCO moiety also resulted in the enhancement of molecular extinction coefficients and fluorescence quantum yields. Thus, the electronic communication between the HSBCO moiety and π-conjugated systems is demonstrated.
Theoretical calculations suggest that the HSBCO group contributes to the rise of HOMO levels via σ-π conjugation as well as lowering LUMO levels via σ*-π* conjugation. These results demonstrate that the HSBCO moiety can serve as a useful σ-conjugation module to improve optical and/or electronic properties of the parent π-conjugated systems.
EXPERIMENTAL
Melting points were determined using a Seiko Instrument Inc. DSC6200. 1 Preparative recycling gel permeation chromatography (GPC) was performed with a JAI LC-908 chromatograph equipped with JAIGEL-1H and -2H columns (chloroform as an eluent). Preparative recycling high performance liquid chromatography (HPLC) was performed with a JAI LC-908 chromatograph equipped with 5SL-II columns (hexane and ethyl acetate as an eluent). THF, Et 2 O, CHCl 3 , and TMEDA were distilled before use under an argon atmosphere. All the manipulation of oxygen-and moisture-sensitive materials was carried out under an argon atmosphere. (2,2,3,3,5,5,6,6,7,7,8,8-Dodecamethyl-2,3,5,6,7,8-hexasilabicyclo[2.2.2]octan-1-yl) iodobenzene
4-
To a suspension of (2,2,3,3,5,5,6,6,7,7,8,8-dodecamethyl-2,3,5,6,7,8-hexasilabicyclo[2.2.2] octan -1-yl)benzene 8a (0.18 g, 0.40 mmol) and silver trifluoroacetate (0.11 g, 0.57 mmol) in chloroform (10 mL) was added dropwise a chloroform (8 mL) solution of iodine (0.12 g, 0.47 mmol) at room temperature.
The mixture was stirred for 2 h, when the reaction was completed as evidenced by TLC. Insoluble materials were filtered off. The residue was extracted with sat. aq. Na 2 S 2 O 3 (15 mL x 3) and dried over anhydrous magnesium sulfate before concentration in vacuo. The residue was purified by column 4, 21.2, 88.1, 132.6, 136.7, 143.0; 29 Si NMR (54 MHz, CDCl 3 ) δ -21. 1, -20.4; IR (KBr): 2982 , 2943 , 2895 , 2841 , 1479 , 1387 , 1256 , 1151 , 1076 , 1001 cm -1 ; MS (FAB) m/z 577 (M + +1), 576 (M + ). HRMS (FAB) Calcd for C 20 H 41 ISi 6 : M + , 576.0869.
Found: 576.0842. Acceptable data of elemental analysis were not obtained presumably due to the incomplete combustion caused by the existence of multiple silicon atoms. This is also true of the other compounds. (2,2,3,3,5,5,6,6,7,7,8,8 2.5, 3.6, 6.6, 126.1, 126.5, 126.6, 128.6, 130.8, 131.1, 140.6, 142.1; 29 Si NMR (54 MHz, CDCl 3 ) δ -21. 2, -20.4; IR (KBr): 3030, 2984 , 2943 , 2893 , 2852 , 1603 , 1485 , 1253 , 1157 , 1072 cm -1 ; MS (FAB) m/z 526 (M + ), 527 (M + +1). HRMS (FAB) Calcd for C 26 H 46 Si 6 : M + , 526.2215.
Found: 526.2213. (2,2,3,3,5,5,6,6,7,7,8,8-Dodecamethyl-2,3,5,6,7,8- 126.9, 127.3, 128.7, 130.8, 131.1, 134.9, 139.3, 139.5, 140.6, 142.3; 29 Si NMR (54 MHz, CDCl 3 ) δ -21. 1, -20.3; IR (KBr): 3030, 2982 , 2945 , 2895 , 2851 , 1599 , 1483 , 1440 , 1255 , 1157 , 1065 (E)-1-{4-(2,2,3,3,5,5,6,6,7,7,8,8-Dodecamethyl-2,3,5,6,7,8-hexasilabicyclo[2.2.2]octan-1-yl) δ 2.5, 3. 2, 3.6, 21.8, 125.8, 126.2, 127.1, 127.1, 128.5, 128.5, 130.7, 132.2, 137.6, 142.9; 29 Si NMR (54 MHz, CDCl 3 ) δ -21.1, -20.3; IR (KBr): 3024, 2982, 2943, 2895, 2841, 1630, 1595, 1502, 1448, 1406, 1383, 1256, 1151, 964, 814, 752, 712, 691, 679, 664, 652, 594, 552, 542 4, 22.2, 89.1, 89.6, 117.8, 123.7, 127.9, 128.3, 130.5, 131.0, 131.5, 144.1; 29 
